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Introduction {#sec1}
============

Protein-based nano/microfibers are currently matter of great interest as advanced biomaterials for a variety of applications, from tissue regeneration to drug delivery and bioelectronics. Several studies have been reported describing the *de novo* engineering and *in vitro* preparation of these systems ([@bib12], [@bib20], [@bib22], [@bib29], [@bib46]). Studying the properties of protein-based nano-/microfibers and the mechanisms of formation of their hierarchical supramolecular structures is expected, on one side, to extend our capability to design high-performance biomaterials and, on the other, to improve our knowledge on the formation of protein aggregates related to neurodegenerative pathologies such as Parkinson, Alzheimer, and prion diseases. Recently, microfibers of collagen and elastin have been prepared by self-assembly of precursor nanofibrils using a microfluidic set up, the assembly mechanism elucidated, and the microfibers used as building blocks for the fabrication of biomaterials for tissue engineering ([@bib22]). A few *de novo* proteins capable to self-assemble into nano-/microfibers have been prepared and their secondary structure analyzed by a variety of techniques; the engineered protein coiled-coil secondary structure was found to be capable to incorporate hydrophobic small molecules such as curcumin, a cancer therapeutic agent ([@bib20]), and the protein microfibers were checked for drug delivery ([@bib12]). Micron-sized silk fibers embedded into a chitosan membrane showed improved repair efficiency for wound healing *in vivo* ([@bib46]). Nevertheless, although it is proved that it is possible to prepare *in vitro* proteins with programmed structural motifs, capable to self-assemble into desired supramolecular structures, it is still a major challenge to achieve the same level of structural variety, precision, and specificity as native proteins in living organisms. One way to attain the objective would be to find the means to induce living organisms to physiologically form *in situ* biomolecules with new properties via recognition and incorporation of specific nontoxic small molecules introduced from outside. Recently, the complex internal structure of plants has been used as a template for *in situ* fabrication of electronic circuits by means of conducting polymers and hybrid oligothiophenes inspiring novel bioengineering concepts ([@bib39], [@bib40]). Naturally derived proteins are an exceptional alternative to synthetic materials, as they offer favourable sustainability and biocompatibility, in the form of fibers, films, and scaffolds. However, proteins properties and functions are strictly related to the characteristics of their hierarchical supramolecular structure, so the introduction of exogenous elements in living organisms should not perturb the assembly mechanism. In recent years, we have reported that treating different lines of living cells (NIH 3T3, HeLa, B104) with a dilute solution of the fluorescent semiconducting dye 3,5-dimethyl-2,3′-bis(phenyl)dithieno\[3,2-b;2′,3′-d\]thiophene-4,4-dioxide (DTTO, [Figure 1](#fig1){ref-type="fig"}A), capable to spontaneously cross the cell membrane and be recognized by specific intracellular proteins, the physiological formation of fluorescent conductive protein microfibers takes place without causing any significant effect on cell viability and proliferation ([@bib35], [@bib43]). The physiologically produced protein microfibers, used as biomaterials to seed living cells, induced different fate in terms of cellular morphology, viability, and cytoskeleton rearrangement ([@bib36]). We report here a further and more important step in our search for the production of functional microfibers *in vivo*, in a noninvasive way, namely the production of protein-DTTO co-assembled fluorescent conducting microfibers in the small freshwater model *Hydra vulgaris*. At the base of metazoan evolution the polyp *Hydra vulgaris* is a very simple animal, shaped as a hollow tube whose walls are made by a two-cell thick layer, i.e. an outer epithelial cell sheet, the ectoderm, and an inner epithelial cell sheet, the endoderm ([@bib14]). Stem cells interspersed between these two layers ensure continuous cell turnover and differentiation of only a few types of specialized cells (neurons, gland cells, nematocytes) ([@bib17]). The tissue plasticity and the capability to regenerate amputated body parts made this organism a well-established model for developmental and stem cell biology ([@bib18]). Recently, the tissue-like organization, the absence of organs, and biological fluids posed the bases to use *Hydra* to test toxicity and bioactivity of a variety of nanomaterials and nanodevices ([@bib1], [@bib2], [@bib31], [@bib41]). With the aim to translate the *in vivo* capability of DTTO monomers to self-organize into supramolecular structures, which could functionally affect/modulate the overall physiology, here we soaked *Hydra* polyps in their culture solution containing DTTO and found in a few days the spontaneous production of microfibers that were in part secreted into the medium. A detailed physico-chemical characterization of these fibers demonstrated their protein-based structure and, more importantly, their conductive behavior, which could be exploited as a novel biocompatible source of endogenously produced materials for bioelectronics. Overall we propose a simple and effective strategy to manipulate physiological processes *in situ*, by spontaneous engineering of endogenous components, leading to a new class of hybrid-protein-based materials with electrical functionality. The introduction of a new electronic functionality into a living animal may represent an unprecedented tool to regulate physiological function, from cell signaling to tissue regeneration and neuronal transmission and a valid alternative to genetic manipulation. Tissues with integrated biocompatible electronics, manufactured *in vivo* in localized regions, may inspire new devices to manipulate biological functions by adding or augmenting conductivity in physiological or pathological contexts with spatiotemporal control, paving the way to new bioengineering concepts.Figure 1*In Vivo* Production of Fluorescent Biofibers from DTTO(A) Molecular structure of the green fluorescent semiconducting dye DTTO.(B--D) (B) *In vivo* fluorescence image of a polyp incubated with DTTO in *Hydra* medium for 24 h. Both a diffuse- and a granular-patterned fluorescence label the whole animal. The tentacle region within the yellow rectangle is shown at higher magnification in (C) optical and fluorescence-merged image of the tentacle showing highly fluorescent green fibers. See also [Figure S6](#mmc1){ref-type="supplementary-material"} and [Videos S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}. An example of a single biofiber (as that inside the white rectangle) is shown at high magnification in (D) a fluorescent biofiber presenting linear, bent, and coiled regions. (E--H) Dynamics of biofiber production. Animals were pulsed 5 h with DTTO (25 μg/mL) and continuously monitored.(E--I) (E) At time zero p.t only granular spots are detectable, whereas after (F) 24 h linear fibers are produced inside the tentacles, of length progressively increasing after (G) 3 days and (H) 6 days p.t. (I) DTTO concentration equal to 50 μg/mL increases the average number of biofiber detected into the tentacles. Scale bars, 500 μm in B; 20 μm in C and D; 100 μm in E--I.(J) Efficiency of biofiber production in relation to DTTO concentration and incubation time. Data represent the average ±SD of three independent experiments (n = 50). Statistical evaluation performed using Student t-test indicates no significance.(K) DTTO-treated polyps were fixed and mounted on microscopy slides for biofiber detection. Data represent the average ±SD of three independent experiments (n = 30). Statistical comparisons were performed using unpaired t test; ∗p\< 0.05; ∗∗p\< 0.01; ∗∗∗p\< 0.001. p values are reported for all conditions in [Table S1](#mmc1){ref-type="supplementary-material"}.

Results {#sec2}
=======

*In Vivo* Biosynthesis of Biofibers from Green Fluorescent Semiconducting Thiophene Dye DTTO {#sec2.1}
--------------------------------------------------------------------------------------------

Preliminary analyses were performed to test potential toxic effects played by DTTO on living *Hydra*. The dose range was initially selected on the bases of our previous results obtained in cell cultures ([@bib35], [@bib36]), where a 25 μg/mL dose supplied for 5 h was found biocompatible and effective for fiber formation. Dose response evaluations were performed under chronic or acute conditions, up to 72 h. [Figure S1](#mmc1){ref-type="supplementary-material"} shows dose-response curves and *in vivo* fluorescence imaging obtained in chronic condition, i.e. by continuously treating animals with DTTO or with ECB04, another thiophene-based compound previously shown unable to induce fiber formation in cells ([@bib35]). Both compounds showed similar toxicological profile, i.e. the appearance of behavioral and morphological alterations from 24 h of continuous incubation onwards, while higher doses were lethal at this time point. Next we analyzed the effect induced by increasing doses of DTTO (2.5, 25, and 50 μg/mL) exposed for a limited period (5 h, acute condition) to *Hydra* by using several *in vivo* and *in vitro* approaches ([Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}) and detected slight effects only at the highest dose, when the morphology was transiently affected. The 25 μg/mL dose was confirmed fully biosafe, as previously observed in cells, and was used for following analyses. At this dose, a spotted granular-like fluorescence was detected inside animal tissues ([Figure 1](#fig1){ref-type="fig"}B), probably due to dye accumulation into storage vacuoles, as observed for other microbeads and inorganics nanoparticles ([@bib28], [@bib42]). A similar pattern was observed in presence of ECB04 and two other fluorophores ([Figures S1](#mmc1){ref-type="supplementary-material"}, [S4](#mmc1){ref-type="supplementary-material"}, and [S5](#mmc1){ref-type="supplementary-material"}) presenting similar thiophene-based backbone but different lateral moieties replacing the phenyl group in position X ([Scheme S1](#mmc1){ref-type="supplementary-material"}). These fluorophores, shown to induce fluorescent fiber formation in NIH3T3cells ([@bib35]), accumulated into *Hydra* tissues producing intense and diffuse staining. Remarkably, only in the tentacles of animals treated with DTTO long and highly fluorescent fibers (from here biofibers, i.e. produced in *Hydra*), mostly aligned perpendicular to the tentacle axis, were found. The biofibers detected on the external surface of the tentacle cells and embedded between the cells showed diverse shapes, length, and structures---either linear, branched or hooked ([Figures 1](#fig1){ref-type="fig"}C, 1D, and [S6](#mmc1){ref-type="supplementary-material"}, [Videos S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}). Spontaneous aggregation of DTTO in *Hydra* medium was indicated by the presence of round--short fibril-shaped fluorescent aggregates ([Figure S7](#mmc1){ref-type="supplementary-material"}), remarkably different from those detected in *Hydra* tissue and never presenting coiled structures. In order to study the dynamics of biofiber formation the animals were pulsed for 5 h with DTTO, extensively washed to remove any dye from the medium, and then continuously inspected. At the beginning of the monitoring, a diffuse fluorescence was detected in the external layer of the *Hydra* together with green granular spots ([Figure 1](#fig1){ref-type="fig"}E), progressively increasing with the incubation time and detectable inside ectodermal cells. At 24 h post-treatment (p.t.), in addition to this punctuated pattern, microfibers of about 20 μm length were found in the tentacles ([Figure 1](#fig1){ref-type="fig"}F) and could be observed up to 6 days p.t. ([Figures 1](#fig1){ref-type="fig"}G and 1H), whose length increased with time. In the rest of the body only the punctuated fluorescence but not the fibers was detectable. The formation of long microfibers observed with DTTO and not with other thiophene-based compounds, such as ECB04 and compounds 2--3, with backbones similar to those of DTTO, suggests specific bioactivity of the latter in promoting endogenous fiber production. Clearly, the presence of two lateral phenyl groups in the molecular structure appears to be a necessary requirement to promote dye-protein co-assembly.

Video S1. Detail of Biofibers Located on *Hydra* Tentacles, Related to Figures 1 and S6After treatment, animals were fixed with 4% paraformaldehyde and mounted on a microscopy slide. The movie shows the complex structure of fluorescent biofibers located at the base and at the tip of a tentacle. The movie was acquired on 200 Z-stacks, using a Leica THUNDER Imager 3D Cell Culture microscope, 40xdry objective, NA = 0.95.

Video S2. Green Fluorescent Biofibers Located on Two *Hydra* Tentacles, Related to Figures 1 and S6After treatment, animals were fixed with 4% paraformaldehyde and mounted on a microscopy slide. The movie shows green fluorescent biofibers located on two tentacles, presenting both linear and bent structure. The movie was acquired on 200 Z-stacks, using a Leica THUNDER Imager 3D Cell Culture microscope, 40x dry objective, NA = 0.95.

The efficiency of the biofiber production ranged from 35% (lowest dose, 24 h p.t.) up to 75% (highest dose, 72 h p.t.), indicating a variability among individuals and suggesting at the same time that the supramolecular dye-protein co-assembly could rely on an active mechanism ([Figure 1](#fig1){ref-type="fig"}J). The yield of this process (number of biofibers/*Hydra*) was shown as concentration and time dependent, ranging from less than 1 biofiber/*Hydra* produced by lowest DTTO dose (2.5 μg/mL) up to 19 ± 0.7 biofibers produced at 72 h in the presence of 50 μg/mL ([Figure 1](#fig1){ref-type="fig"}K and [Table S1](#mmc1){ref-type="supplementary-material"} for evaluation of statistical significance between all conditions). Relative images are shown in [Figure S8](#mmc1){ref-type="supplementary-material"}. These data prompted us to investigate whether or not the mechanism of biofiber production involved any active metabolic pathway, such as the protein synthesis. *Hydra* polyps were pre-treated 2 h with cycloheximide, a known inhibitor of the protein synthesis ([@bib33]), before DTTO addition. The graph of [Figure 1](#fig1){ref-type="fig"}K shows a strong inhibition of the biofibers production, as only a few biofibers could be detected in treated polyps, suggesting the protein-based structure of the DTTO biofibers ([Figure S9](#mmc1){ref-type="supplementary-material"}). [Figure 2](#fig2){ref-type="fig"} displays the fluorescence microscopy images of cell suspensions obtained by maceration of treated animals. This procedure allows dissociating the animal in single cells, preserving their morphology for microscopic analysis. Short fluorescent fibers were detected inside nematocytes ([Figure 2](#fig2){ref-type="fig"}A), the stinging cells located in the tentacles, and body ectodermal cells ([Figure 2](#fig2){ref-type="fig"}B) indicating the capability of diverse cell types to initiate the assembling of these structures. Maceration of animals treated with compounds 2 and 3 did not reveal the presence of any biofiber but only fluorophore accumulation into vesicle-like structures, representing stable structures devoted to garbage storage, before external secretion ([Figure S5](#mmc1){ref-type="supplementary-material"}). Long and highly structured biofibers were by contrast observed upon treatment with DTTO into the macerated solution but never included into the cells, suggesting either their degradation into small pieces due to the mechanical forces used for tissue maceration or that their growth and sterical structuring occurs during the secretion pathway. In [Figure 2](#fig2){ref-type="fig"}C laser scanning confocal microscopy images of several biofibers are reported, showing straight and bent motifs alternating and interlaced into the same biofiber, displaying large aspect ratios and an average length of 59 μm, in contrast with the structures formed by DTTO self-assembled in Hydra medium (13 μm), as determined in the graph of [Figure S7](#mmc1){ref-type="supplementary-material"}. The two microstructures also showed a different photobehavior, biofibers being more stable (maintained their shape and high fluorescence up to two years from biosynthesis) and resistant to UV illumination, compared with structures spontaneously formed by DTTO in Hydra medium ([Figure S7](#mmc1){ref-type="supplementary-material"}). Beside morphological characterization by fluorescence microscopy, optical and electrical properties of biofibers were characterized by a variety of techniques, including atomic force microscopy (AFM), electrostatic force microscopy (EFM), synchrotron fourier transform infrared micro-spectroscopy (IMS), X-ray photoelectron spectroscopy (XPS), UV-Vis, photoluminescence (PL), and circular dichroism (CD). Cells and floating fibers obtained by maceration of treated animals (5 h DTTO treatment and 72 h p.t.), concentrated by centrifugation, were used for all approaches and compared with macerates from untreated *Hydra* (control) and with supramolecular structures formed spontaneously by DTTO in animal-free medium.Figure 2Characterization of Fluorescent Biofibers from Macerated *Hydra*Animals 72 h p.t. were dissociated into a suspension of single cells, fixed and imaged using phase contrast (left column) and fluorescence microscopy (central column). Right column displays the overlay of both images.(A and B) (A) Picture of a nematocyte containing a green emitting fiber and (B) a group of cells, showing a fiber inside an ectodermal epithelial cell. Nuclei counterstained with DAPI appear in blue in the inset. Scale bars, 10 μm in A, 20 μm in B.(C) Fluorescence microscopy of fibers present into the macerated solution. Several structures are formed, presenting both linear and bent motifs, of average length higher than biofibers.See also [Figure S7](#mmc1){ref-type="supplementary-material"}.

Atomic and Electrostatic Force Microscopy Characterization {#sec2.2}
----------------------------------------------------------

EFM measures local Coulomb electrostatic interaction between the conductive tip and the sample, when a bias voltage is applied on the tip. Such a local interaction can be detected as oscillation amplitude and phase of the EFM probe ([@bib37], [@bib21]). Green fluorescent fibers obtained from macerates were first localized by fluorescence microscopy and then the region of interest examined by AFM ([Figure 3](#fig3){ref-type="fig"}A, section a, b) and EFM ([Figure 3](#fig3){ref-type="fig"}B). AFM topographies on a 1 × 1 μm^2^ field are shown in [Figure S10](#mmc1){ref-type="supplementary-material"}, where the morphology, a line profile, and pointed properties are presented for both a biofiber and a DTTO aggregate. For the biofiber the estimated sizes were about 60 nm high and 235 nm wide ([Figure S10](#mmc1){ref-type="supplementary-material"}I). The EFM was performed on the same field of AFM, applying a bias voltage 0 V,−10 V, and +10 V. The amplitude EFM image without voltage application identifies shadowed features mirroring sample morphology ([Figure 3](#fig3){ref-type="fig"}B, section c, [Figure S10](#mmc1){ref-type="supplementary-material"}), whereas, when bias voltage of −10 V and +10 V is applied a clear contrasted morphology becomes evident, with bright and dark zones mirroring the fiber morphology ([Figure 3](#fig3){ref-type="fig"}B, section d and e, respectively). The EFM amplitudes showed Gaussian distributions ([Figure 3](#fig3){ref-type="fig"}B, sections f--h) centered on an average level, which is directly proportional to the applied bias voltage. These features indicate the current flow correlated to a conducting or semiconducting behavior of the sample. For comparison, also the structures formed by aggregation of DTTO alone in *Hydra* medium at the same concentration over the same incubation time were examined. The results are reported in [Figures 3](#fig3){ref-type="fig"}C, 3D,and [S10](#mmc1){ref-type="supplementary-material"}. These fibers show completely different features and electrical behavior. DTTO tends to self-assembly in round fibril-shaped aggregates. [Figure 3](#fig3){ref-type="fig"}C, image i, shows a very short fluorescent fibril and the region where the AFM and EFM characterizations were performed. AFM topography ([Figure 3](#fig3){ref-type="fig"}C, section l) shows shorter but wider fibrils about 3--5 μm long, 130 nm high, and 420 nm wide (see also [Figure S10](#mmc1){ref-type="supplementary-material"}). Also in this case, the EFM images have been performed with a bias voltage 0 V,−10 V, and +10 V, respectively ([Figure 3](#fig3){ref-type="fig"}D, sections m, n, o, and [Figure S10](#mmc1){ref-type="supplementary-material"}). In the amplitude EFM ([Figure 3](#fig3){ref-type="fig"}D, section m) the morphology of the control sample is clearly identified at 0 V bias voltage, whereas, when bias voltage of −10 V and +10 V is applied, the morphology becomes less clear and shows a kind of inverse polarization ([Figure 3](#fig3){ref-type="fig"}D, sections n, o), probably due to the opposite polarization of dipole distribution in an insulating behavior. Moreover, the EFM amplitude distributions for −10 V and +10 V are centered on average levels that are only slightly different from the average level at 0 V ([Figure 3](#fig3){ref-type="fig"}D, sections p, q, and r), indicating that the flowing current is similar for all applied voltages. Altogether this evidence shows a DTTO unique behavior featuring the biofibers, clearly distinguishable by the self-assembled DTTO, indicating a specific property added to the fiber by the cell machinery, *in vivo*.Figure 3Morphological and Electrical Characterization of Biofibers(A) Fluorescence image of (a) a biofiber deposited on a conductive substrate (scale bar, 20 μm). The white square shows the sub-region selected for AFM and EFM characterizations. (b) AFM topography showing a typical loop structure found in the biofibers (scale bar, 2 μm).(B) EFM amplitude of the biofiber at bias voltage (c) 0 V, (d) −10 V, and (e) +10 V, respectively (scale bar, 2 μm). The morphology of the sample appears when a bias voltage is applied. EFM amplitude distribution at bias voltage: (f) 0 V, (g) −10 V, and (h) +10 V, respectively. The Gaussian distribution shows that the average level is proportional to the applied voltage, indicating the conducting or semiconducting nature of the sample.(C) Fluorescence image (i) of a control fibril fragment, formed by aggregation of DTTO alone in Hydra medium, deposited on a conductive substrate (scale bar, 10 μm). The white square shows the sub-region selected for AFM and EFM characterizations. (l) AFM topography (scale bar, 1 μm).(D) EFM amplitude of the control at bias voltage (m) 0 V, (n) −10 V, and (o) +10 V, respectively (scale bars, 1 μm). The morphology of the sample is clearer when bias voltage does not apply. EFM amplitude distribution at bias voltage: (p) 0 V, (q) −10 V, and (r) +10 V, respectively. The average level is quite the same for all applied voltage, indicating the insulating nature of the sample.See also [Figure S10](#mmc1){ref-type="supplementary-material"}.

Fourier Transform Infrared Micro-spectroscopy {#sec2.3}
---------------------------------------------

A macerated solution from DTTO-treated animals, containing fixed cells and floating biofibers, was analyzed by IMS using synchrotron light as source ([@bib27]). The infrared spectrum of protein contains two characteristic absorption bands of particular pertinence to protein secondary structure, the absorptions associated to C=O stretching denoted as amide I (≈1655--1620 cm^−1^) and those associated to N-H bending denoted as amide II (1547 cm^−1^). The C=O and N-H functional groups involved in hydrogen bonding between protein moieties influence the positions of both amide I and amide II, hence these bands are sensitive to secondary structure composition. In particular, the position of amide I is a very useful predictor of protein secondary structure with band assignment regions for α-helix structure (1648--1657 cm^−1^) and β-sheet (1623-1641 cm^−1^) ([@bib30]). The IMS results showed the protein-based nature of a biofiber, giving the characteristic amide I and amide II absorption bands. From [Figure 4](#fig4){ref-type="fig"}A it can be observed that the amide I absorbance (1655 cm^−1^) corresponds to the location of the biofibers. In [Figure 4](#fig4){ref-type="fig"}C the comparison of extracted IR spectra from fiber and outside the fiber provides more details about the protein structure composed of mixed α-helix and β-sheet as evidenced by the intense absorptions in the fiber spectrum at 1655 cm^−1^ and 1624 cm^−1^. IMS has been successfully used for investigations in cells and tissue where the same absorption bands from amides identified in this study (in particular amide I) have been used to determine protein misfolding and aggregation of amyloid plaques, infectious prion proteins, α-synuclein, and tau proteins ([@bib30]).Figure 4Synchrotron Infrared Microspectroscopy and X-ray Photoelectron Spectroscopy of a Single Green Fluorescent Biofiber(A) Image of a UV illuminated biofiber and IMS image at 1655cm^−1^ showing the distribution of amide I bond from protein. For interpretation of the amide I bond signal intensity, a pseudocolor scale bar is introduced, where blue represents the highest intensity and red the lowest. Scale bar, 20 μm.(B) The red box is the mesh used for IR mapping, the blue box is the control region, and the orange box is the biofiber region where IR spectra were extracted. Scale bar, 20 μm.(C) Averaged second derivative IR spectra of the control and fiber regions.(D--F) (D) N 1s, (E) S 2p, and (F) P 2p XPS spectra of Ar^+^ sputtered Au (triangles), DTTO on Au (squares), and biofibers (circles). S 2p presents two doublets associated to S=O bond (red) and S-C bond (blue). In all peaks the background was subtracted and a constant value added to order the samples. S 2p and P 2p were fitted by doublets in fixed energy shift (2p~3/2~ and 2p~1/2~). Signal of S 2p of biofibers was multiplied by a factor 10. See also [Table S2](#mmc1){ref-type="supplementary-material"}.

X-Ray Photoelectron Spectroscopy {#sec2.4}
--------------------------------

In order to have evidence of the supramolecular incorporation of DTTO inside proteins XPS measurements were performed on pure DTTO and biofibers from *Hydra* macerates. The results are reported in [Figure 4](#fig4){ref-type="fig"} and [Table S2](#mmc1){ref-type="supplementary-material"}. The S 2p peak is a fingerprint for DTTO on Au substrates and the presence of two doublets of S 2p~3/2~, i.e. S=O group at 168.5 eV and S-C group at 164.8 eV, is in excellent agreement with the spectra reported in previous work on oxidized thiophene-based materials ([Figure 4](#fig4){ref-type="fig"}E) ([@bib11]). Moreover, the stoichiometric ratio between Sulphur-Carbon (S-C)- and Sulphur-Oxygen (S=O)-bonded species was close to the expected value of 2 (1.8 ± 0.2). The XPS spectrum of the biofibers from *Hydra* macerates deposited on a gold substrate confirmed the presence of the S 2p~3/2~ peak, with the S=O component at 168.5 eV and the S-C component slightly reduced at 163.8 eV probably due to fiber formation. Additionally, the chemical shift of N 1s at 400.5 eV, related to the protein material contained in the fiber, was observed together with that of P 2p~3/2~ at 134.2 eV, compatible with phosphate groups (P=O) associated to the phospholipid bilayer ([Figures 4](#fig4){ref-type="fig"}D and 4F) ([@bib44]). The presence of significant amounts of protein and phospholipid materials justifies the low S 2p signal from biofibers (0.25%, [Table S2](#mmc1){ref-type="supplementary-material"}). This suggests that inside biofibers DTTO is surrounded by a layer of protein and phospholipid materials with a thickness in the same order of magnitude of the XPS probe depth (up to 10 nm).

Optical Characterization {#sec2.5}
------------------------

The photophysical characterization of the biofibers produced by living animals was obtained by UV-vis, photoluminescence (PL), and circular dichroism spectroscopy (CD) and compared with those produced by DTTO self-aggregated in organic solvent and Hydra medium. [Table 1](#tbl1){ref-type="table"} shows that λ~exc,~λ~PL~ and the lifetimes τ~1~ and τ~2~ of DTTO self-assembled in Hydra medium are deeply different from those measured in macerates containing isolated biofibers. Particularly significant is the value of the fluorescence anisotropy, which passes from 0 for the former to 0.25 for the latter. The large value of fluorescence anisotropy in sample A (biofiber) suggests that DTTO is embedded into a highly anisotropic supramolecular structure. [Figure 5](#fig5){ref-type="fig"} reports the excitation, PL, and CD spectra of macerates containing isolated biofibers (black plot) and the macerates of untreated *Hydra* used as a control (red plot). The absorption spectra of the samples are characterized by a large amount of scattering hiding the absorption signals ([Figure S10](#mmc1){ref-type="supplementary-material"}). Thus, the excitation spectra---displaying the frequencies generating the photoluminescence spectrum and corresponding to the frequencies absorbed by the system---were measured applying a fixed excitation wavelength of 500 nm ([Figure 5](#fig5){ref-type="fig"}A). The comparison of DTTO parameters relative to the biofibers with those of DTTO in methylene chloride ([Figure S10](#mmc1){ref-type="supplementary-material"}) shows unambiguously the signature of the dye in the fibers. In particular, the photoluminescence spectra of the samples indicate a Stokes shift between absorption and emission spectra amounting up to 100 nm, a value in line with what has already been observed for DTTO in organic solution ([@bib35]).Table 1Photophysical Characterization of Biofibers Formed in *Hydra* and DTTO Aggregates Formed in Culture MediumSampleλ~abs~ (nm)λ~exc~ (nm)[a](#tblfn1){ref-type="table-fn"}λ~PL~ (nm)[b](#tblfn2){ref-type="table-fn"}τ~1~ (ns)[c](#tblfn3){ref-type="table-fn"}τ~2~ (ns)[c](#tblfn3){ref-type="table-fn"}Fluorescence[d](#tblfn4){ref-type="table-fn"} AnisotropyA[e](#tblfn5){ref-type="table-fn"}--3955002.28.10.25B[f](#tblfn6){ref-type="table-fn"}408--51416.17--\~0C[g](#tblfn7){ref-type="table-fn"}--350425;5751.24.4\~0[^4][^5][^6][^7][^8][^9][^10][^11]Figure 5Optical Characterization of DTTO-Based Biofibers(A) Excitation spectra obtained by irradiating at 500 nm.(B and C) (B) Photoluminescence spectra and (C) CD spectra relative to a cell suspension of biofibers (black line) and macerates of untreated *Hydra* (red line).(D and E) (D) Enlargements of CD spectra (C) in the 180--300 nm and (E) in the 350--750 nm regions.See also [Figure S10](#mmc1){ref-type="supplementary-material"}.

[Figure 5](#fig5){ref-type="fig"}C shows the CD spectrum of the macerates containing biofibers presenting a signal with negative Cotton effect in the region 190--240 nm and a less intense signal in the region 400--600 nm, indicating chiral content in both regions of the sample. On the contrary, the control sample (untreated *Hydra*) displayed only one signal with negative Cotton effect in the region 200--220 nm superimposable to that of the treated *Hydra*. The CD signal in the 190--240 nm region (see magnification [Figure 5](#fig5){ref-type="fig"}D) is mainly due to protein peptide bond with an n→π∗ transition centered around 220 nm and a π→π∗ transition around 190 nm ([@bib15], [@bib19], [@bib25]). The less intense signal observed in DTTO treated *Hydra* in the region 400--600 nm (see magnification [Figure 5](#fig5){ref-type="fig"}E) corresponds to the absorption region of DTTO. CD spectroscopy is extensively used to study the secondary structure of proteins in solution, which is very sensitive to the environment, temperature, or binding interactions with other molecules and can furnish structural, kinetic, and thermodynamic information ([@bib25], [@bib15], [@bib19]). The CD signal in the region 190--220 nm is characteristic of α-helix protein secondary structure, whereas the signal in the region 400--600 nm is a strong indication of the presence of DTTO embedded into the supramolecular structure of some proteins. Indeed, it is well known that in addition to the intrinsic CD of the protein backbone, small molecules interacting with the proteins show extrinsic CD bands indicative of such an interaction ([@bib25], [@bib15], [@bib19], [@bib10]). Thus, although DTTO is an intrinsically achiral molecule, the proximity of the proteins causes the appearance of an induced CD signal pertaining to the fluorophore. Moreover, it cannot be excluded that such a signal also reflects the chiral supramolecular organization of the dye driven by the proteins themselves.

In an attempt to identify the protein composition of the biofiber we used *Hydra* anti-collagen-specific antibody in immunolocalization experiments on macerates from DTTO-treated *Hydra*. Results failed to detect any cross-reactivity ([Figure S6](#mmc1){ref-type="supplementary-material"}C), opening the possibility that other proteins may be bound to the DTTO monomer structuring the fluorescent biofiber. We cannot rule out the possibility that the epitope can be masked due to DTTO bonding or due to the tissue maceration process.

Discussion {#sec3}
==========

Our data unambiguously indicate that DTTO is biocompatible and inside *Hydra* tissue spontaneously co-assembles with proteins giving rise to the formation of fluorescent and conductive microfibers. Interestingly, the biofiber formation is specific for DTTO, as other oligotiophene derivatives were not able to produce them. We have already observed the spontaneous co-assembly of DTTO with proteins inside specific cell lines such as living fibroblasts of different origin, where DTTO is incorporated within type-I collagen\'s triple helix ([@bib35]), and mouse neuroblastoma cells (B104), where the fluorophore is incorporated within vimentin\'s supramolecular structure ([@bib36]). Most probably, in the present case bundles of microfibers are spontaneously formed where DTTO is incorporated within different types of cells. This hypothesis is supported by the *Hydra* anatomy, composed of three stem cell lineages, i.e. ectoderm, endoderm, and interstitial stem cell lineage, including self-renewing cells and differentiating products, such as gland cells, gametes, nematocytes, and neurons. After maceration of DTTO-treated animals the fluorescent microfibers could be detected in epitheliomuscular cells and nematocytes, suggesting that they might be formed by a variety of proteins coming from different cellular types rather than from a single cell type, and this hampers the identification of a unique protein into the fiber. This raises questions about the mechanism of formation of the microfibers, in particular about (1) the recognition process of the dye by the different proteins and (2) about the molecular and supramolecular processes taking place separately or simultaneously as in the case of spider silk and live cells ([@bib38], [@bib35]). As to the first point, a primary role is certainly played by the SO~2~ group of the fluorophore with two oxygens capable of multiple interactions with neighboring hydrogens, as suggested by previous calculations on a model simulating a collagen strand ([@bib35]). As to the second point, the biofibers showing higher complexity and size were detected in *Hydra* macerates either as floating fibers, or bound to the external part of tissue fragments deriving from tentacles, suggesting that the growth and supramolecular structuring may take place specifically in the tentacles and during the secretion process. However, further investigations are required before a satisfying interpretation can be given on both points. Inside cells only short fluorescent fibers were found inside cells; however, we could not rule out that mechanic forces employed for animal dissociation affect stability of supramolecular folding and cause fiber fragmentation. Due to the lack of protocols to immortalize and culturing *Hydra* cells *in vitro*, the maceration of whole animal represents, up to date, a valuable and broadly used method to analyze single cells and structures released from the tissue bilayer architecture. Following this approach, we performed accurate characterization of fibrils, both inside cells and on the external side of cells or tentacles, yet preserving their spectacular fluorescence. The conductive behavior of biofibers makes this spontaneous process very fascinating and suggests our model as a new living bioreactor for the production of electroactive materials.

It would be difficult to assign a precise organization at the nanoscale to the proteins' supramolecular structure embedding DTTO. Coexistence of α-helix and β-sheet secondary structures is common in natural fibrillar proteins ([@bib38]), and our IMS data indicate that both secondary structures are present in the fluorescent biofibers. Although our previous work on live cells indicates that DTTO is embedded within the α-helix, we do not have any experimental evidence that DTTO can also be embedded into β-sheets. So we cannot say whether the observed fluorescence comes exclusively from α helices or also from β-sheet configuration.

By using the protein synthesis inhibitor cycloheximide we could prevent biofiber production demonstrating that DTTO drives the formation of hybrid protein-dye microfibers through protein synthesis cell machinery. The microfibers obtained by DTTO self-assembly in Hydra medium are morphologically and electrically deeply different from the biofibers. In particular, they are fluorescent but insulating supramolecular structures.

DTTO is a semiconducting conjugated molecule and as most thiophene-based oligomers may display electrical conductivity when organized into appropriate supramolecular structures. Recent evidence reports on hybrid oligothiophenes self-organized in conducting wires along the vascular tissue of a rose plant ([@bib40]). Here, the supramolecular structure achieved in a living animal by DTTO monomers shows electrical conductivity, as demonstrated by EFM measurements. The incorporation of fluorescence and conductive properties into endogenous building blocks, in part or totally made of proteins, led to the production of novel structures, according to precise dose and time. Under these conditions the DTTO does not interfere with animal viability, suggesting that the fluorophore does not affect biomolecule function.

In conclusion, we show that a simple invertebrate presenting a tissue grade of organization when soaked with a non-toxic fluorescent/semiconducting dye produces fluorescent electroactive protein-dye microfibers having prevalently coiled-coil and a significant contribution of β-sheet secondary structure. By merging multiple techniques, from *in vivo* imaging and single cell analysis, up to optical, spectroscopic, and electrical characterization we demonstrate the possibility to modify endogenous biomolecules into novel hybrid structures showing superior properties. One of the most important applications we foresee for these fluorescent microfibers is their use as biocompatible electroactive scaffolds for bioengineering and tissue regeneration. In particular, biocompatible and biodegradable scaffolds with protein fibers can be used as potentially implantable devices and may contribute to stimulating and controlling neural or muscle activities under electrical stimulation and effectively guide tissue repair. To the best of our knowledge, only a few examples have been reported in which the spontaneous assembly of exogenous organic components has been triggered in whole animals in very complicated environments ([@bib48], [@bib47], [@bib16]). The possibility to chemically control, *in vivo*, the formation of micrometer-sized supramolecular architectures provides a new way to bestow additional properties upon the system and has important fundamental as well as applicative implications.

Limitation of the Study {#sec3.1}
-----------------------

Model organisms allow prediction studies, testing of chemical compounds, and discovering processes and mechanisms of action but also present innate constrains that limit their use. We demonstrated with *Hydra* the possibility to produce new microstructures modifying *in situ* endogenous proteins, but more functional studies are necessary to evaluate the impact on physiological processes, with or without electrical stimulation, or the induction of new ones. Moreover, both fiber purification and homogeneity need to be implemented. Large-scale purification of the microfibers from the animal tissues is hampered by the tight embedding into membrane/external cuticle, possibly due to chemical composition preventing biofiber release into the medium. Moreover, homogeneity is not possible as biofibers are produced by different cell types, possibly co-assembling with different proteins. Commercially available antibodies raised against vertebrates and antigens would not easily cross-react with *Hydra* proteins, which justified our use of *Hydra*-specific antibody for immunolocalization. In a future perspective the development of DTTO delivery methods alternative to soaking may drive the homogeneous biofiber production from a specific tissue/cell type.

Methods {#sec5}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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Document S1. Transparent Methods, Figures S1--S10, Scheme S1, and Tables S1 and S2
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